Introduction {#jfb13100-sec-0001}
============

Individual animals within a given species commonly exhibit consistent differences in behavioural traits such as activity, risk‐taking, exploration, aggressiveness and sociability, referred to as animal personalities or behavioural types (Réale *et al.*, [2007](#jfb13100-bib-0060){ref-type="ref"}). Theoretical and empirical studies suggest that animal personality is ultimately caused by ecological and evolutionary adaptation to ecological gradients and corresponding selection pressures, such as risk of predation (Wolf *et al.*, [2007](#jfb13100-bib-0079){ref-type="ref"}), resource availability (Biro & Stamps, [2008](#jfb13100-bib-0005){ref-type="ref"}) or social environment (Pruitt & Riechert, [2011](#jfb13100-bib-0059){ref-type="ref"}). Individuals do not only differ in their experienced extrinsic conditions but also in intrinsic factors such as body size and metabolic (*i.e*. energetic) demands, both of which can also promote consistent differences in behaviour among animals and are commonly referred to as 'state variables' (Biro & Stamps, [2010](#jfb13100-bib-0006){ref-type="ref"}; Wolf & Weissing, [2010](#jfb13100-bib-0078){ref-type="ref"}; Sih *et al.*, [2015](#jfb13100-bib-0066){ref-type="ref"}). A state variable represents any measurable trait that varies dynamically over time, often influencing the costs and benefits associated with a particular behaviour \[*e.g*. age, size, body condition or physiological condition (Wolf & Weissing, [2010](#jfb13100-bib-0078){ref-type="ref"})\]. The optimal behavioural response of an individual then depends on the interplay between both (often stochastically varying) extrinsic and intrinsic conditions in light of trade‐offs (Carere & Maestripieri, [2013](#jfb13100-bib-0014){ref-type="ref"}), which in turn may lead to consistent among‐individual differences in expressed behavioural phenotypes and maintain behavioural variation in natural populations (Réale *et al.*, [2007](#jfb13100-bib-0060){ref-type="ref"}; Killen *et al.*, [2013](#jfb13100-bib-0035){ref-type="ref"}; Sih *et al.*, [2015](#jfb13100-bib-0066){ref-type="ref"}).

Behavioural plasticity allows animals to rapidly adapt to changing ecological and state conditions on very short time scales to safeguard access to resources and mates and avoid predation (Ahrens *et al.*, [2012](#jfb13100-bib-0001){ref-type="ref"}; Buskirk, [2012](#jfb13100-bib-0012){ref-type="ref"}). For example, as physiological and morphological states change (*e.g*. hunger levels, body condition or size) it is likely that the risk‐taking propensity of individuals also changes (Krause *et al.*, [1998](#jfb13100-bib-0040){ref-type="ref"}; Brown & Braithwaite, [2004](#jfb13100-bib-0009){ref-type="ref"}; Brown *et al.*, [2007](#jfb13100-bib-0010){ref-type="ref"}). In this context, hungry fishes, fishes with small body size and low energy reserves should be more inclined to explore potentially dangerous areas and take risks in the attempt to search for food than well‐fed, large individuals and those with a good nutritional state (Krause *et al.*, [1998](#jfb13100-bib-0040){ref-type="ref"}; Brown & Braithwaite, [2004](#jfb13100-bib-0009){ref-type="ref"}; Killen *et al.*, [2011](#jfb13100-bib-0033){ref-type="ref"}). Energy reserves are generally known to affect animal behaviour (Uchmanski, [1985](#jfb13100-bib-0071){ref-type="ref"}; Filby *et al.*, [2010](#jfb13100-bib-0023){ref-type="ref"}), resulting in consistent foraging, social and risk‐taking responses of individuals characterized by varying energetic states (Clark, [1994](#jfb13100-bib-0016){ref-type="ref"}; Brown *et al.*, [2007](#jfb13100-bib-0010){ref-type="ref"}; Dial *et al.*, [2008](#jfb13100-bib-0019){ref-type="ref"}; Filby *et al.*, [2010](#jfb13100-bib-0023){ref-type="ref"}). In contrast, the effects of body size on activity and risk‐taking behaviour have not been consistent in the literature. For example, large individuals of some fish species have been reported to be more active (Kobler *et al.*, [2008](#jfb13100-bib-0038){ref-type="ref"}) and bolder (Grant, [1990](#jfb13100-bib-0025){ref-type="ref"}; Polverino *et al.*, [2016](#jfb13100-bib-0057){ref-type="ref"}) than smaller individuals, and these larger individuals thus tend to more readily expose themselves to potential predators (Johnsson, [1993](#jfb13100-bib-0031){ref-type="ref"}), probably because the risk of predation typically declines with increasing body length and height (Lorenzen, [2000](#jfb13100-bib-0044){ref-type="ref"}; Nilsson & Brönmark, [2000](#jfb13100-bib-0052){ref-type="ref"}). In other fish species, smaller size classes were reported to be generally bolder (Krause *et al.*, [1998](#jfb13100-bib-0040){ref-type="ref"}; Brown & Braithwaite, [2004](#jfb13100-bib-0009){ref-type="ref"}) and to show higher activity in the wild (Landsman *et al.*, [2015](#jfb13100-bib-0043){ref-type="ref"}). One explanation for these inconsistent findings may rest in the size‐dependency of predation risk. In small‐bodied species it is possible that larger, rather than smaller, individuals may be under greater risk of predation because these larger individuals are preferentially consumed due to the larger absolute amount of energy and nutrition they offer for predators compared to smaller conspecifics (Persson *et al.*, [2003](#jfb13100-bib-0055){ref-type="ref"}; Johansson *et al.*, [2004](#jfb13100-bib-0030){ref-type="ref"}). From an ecological and evolutionary perspective, it would then be beneficial to decrease exploration rates in unsafe environments and risk‐taking as body size increases, as found for various poeciliids (Laland & Reader, [1999](#jfb13100-bib-0042){ref-type="ref"}; Brown & Braithwaite, [2004](#jfb13100-bib-0009){ref-type="ref"}).

In addition to state‐effects on behaviour, animal personality has also been related to consistent individual variation in maintenance metabolism, with spill‐over effects on the expression of life‐history traits, commonly expressed as the pace‐of‐life‐syndrome hypothesis (Réale *et al.*, [2007](#jfb13100-bib-0060){ref-type="ref"}, [2010](#jfb13100-bib-0061){ref-type="ref"}; Wolf & Weissing, [2010](#jfb13100-bib-0078){ref-type="ref"}; Dwyer *et al.*, [2014](#jfb13100-bib-0022){ref-type="ref"}). In fishes, higher metabolic demands are expected to promote foraging (Krause *et al.*, [1998](#jfb13100-bib-0040){ref-type="ref"}), which in turn usually involve exposing oneself to predators and overall risky situations (Ahrens *et al.*, [2012](#jfb13100-bib-0001){ref-type="ref"}), providing a link between routine metabolic rate (RMR), activity and risk‐taking (Metcalfe *et al.*, [2016](#jfb13100-bib-0048){ref-type="ref"}). A commonly expressed hypothesis is that individuals with a high RMR should also be consistently bold (Biro & Stamps, [2010](#jfb13100-bib-0006){ref-type="ref"}; Killen *et al.*, [2013](#jfb13100-bib-0035){ref-type="ref"}), manifesting in a high propensity to take risks as a function of the elevated energy demand to satisfy. An alternative perspective is that bold fishes may also be highly active and therefore develop a high RMR to be able to sustain the high muscular activity and the cellular machinery (*e.g*. mitochondria) needed to maintain a high scope for activity (White & Kearney, [2013](#jfb13100-bib-0075){ref-type="ref"}). Independent of the exact mechanism, any correlation between metabolic rate and boldness is expected to in turn affect individual life‐history productivity by carrying over effects on growth, maturation and reproduction (Biro & Stamps, [2010](#jfb13100-bib-0006){ref-type="ref"}; Guenther & Trillmich, [2015](#jfb13100-bib-0026){ref-type="ref"}).

Several recent papers, however, have questioned the generality of the correlation between routine metabolism and behaviour (Killen *et al.*, [2013](#jfb13100-bib-0035){ref-type="ref"}; Mathot & Dingemanse, [2015](#jfb13100-bib-0046){ref-type="ref"}). In fact, it has been suggested that the covariance between RMR and activity or risk‐taking is only revealed in environments that physiologically and ecologically challenge individuals to express ecologically relevant behaviours (Killen *et al.*, [2012](#jfb13100-bib-0034){ref-type="ref"}). A key consideration is that many physiological rates, including metabolic rates, scale disproportionately with size (Uchmanski, [1985](#jfb13100-bib-0071){ref-type="ref"}). Hence, variance in body size can significantly affect a cascade of physiological (Clarke & Johnston, [1999](#jfb13100-bib-0017){ref-type="ref"}; White & Kearney, [2014](#jfb13100-bib-0076){ref-type="ref"}) and behavioural traits (Clark, [1994](#jfb13100-bib-0016){ref-type="ref"}; Dial *et al.*, [2008](#jfb13100-bib-0019){ref-type="ref"}; Filby *et al.*, [2010](#jfb13100-bib-0023){ref-type="ref"}; Healy *et al.*, [2013](#jfb13100-bib-0029){ref-type="ref"}). As a result, differences in body size can strongly affect phenotypic differences among individuals and potentially override differences in behaviour stemming from variation in basic metabolic demand. Generally, studying cause--effect relationships among behaviour, metabolic rate and body size remain controversial (Oikawa *et al.*, [1991](#jfb13100-bib-0054){ref-type="ref"}; Metcalfe & Monaghan, [2001](#jfb13100-bib-0047){ref-type="ref"}; Nussey *et al.*, [2007](#jfb13100-bib-0053){ref-type="ref"}), which motivated the present study.

This study contributes to the literature on metabolism and behaviour (Metcalfe *et al.*, [2016](#jfb13100-bib-0048){ref-type="ref"}) by reporting correlations between routine metabolism and activity and risk‐taking in juvenile zebrafish *Danio rerio* (Hamilton 1822), while controlling for body size and body condition in individuals of the same cohort. The rate of routine oxygen consumption (Schurmann & Steffensen, [1997](#jfb13100-bib-0063){ref-type="ref"}) and boldness‐related behaviours (Réale *et al.*, [2007](#jfb13100-bib-0060){ref-type="ref"}) were characterized using intermittent‐flow respirometry and open field tests, respectively. Based on the body of literature reviewed above, the following predictions were explored: (1) individuals differ consistently in activity and risk‐taking behaviours and (2) these differences are explained by differences in state variables like body condition, body length and routine metabolism.

Materials and methods {#jfb13100-sec-0002}
=====================

Study organism and maintenance {#jfb13100-sec-0003}
------------------------------

Experimental animals (*n* = 68) were laboratory‐raised *D. rerio* \[mean ± [s.d.]{.smallcaps}; total length (*L*~T~) and mass = 22·4 ± 2·9 mm and 0·105 ± 0·04 g\] of the same cohort. All *D. rerio* were F10 generation descendants of wild‐caught individuals originally sampled in a river system west of Coochibar \[West Bengal, India (Whiteley *et al.*, [2011](#jfb13100-bib-0077){ref-type="ref"})\]. Before experimentation, *D. rerio* were housed in opaque tanks (320 l each) connected to a single recirculation system at 27° C with 14L:10D, which reflected the circadian rhythm of the species (Cahill, [2002](#jfb13100-bib-0013){ref-type="ref"}). *Danio rerio* density never exceeded 1·1 individual l^−1^. *Danio rerio* were fed five times per day with a combination of *Artemia* sp. nauplii and commercial flake food (TetraMin; <http://www.tetra-fish.com>; 47% protein, 10% fat). Water quality was monitored regularly for temperature (mean ± [s.d.]{.smallcaps}; 27·01 ± 1·23° C), pH (mean ± [s.d.]{.smallcaps}; 8·41 ± 0·11) and daily for oxygen content (mean ± [s.d.]{.smallcaps}; 8·00 ± 0·21 mg l^−1^). A week before the experiment began, *D. rerio* were transferred to 30 l tanks located in a temperature‐controlled room. Here, external disturbances were minimized, while water temperature was maintained at a constant 25° C. *Danio rerio* density and feeding were maintained as described before.

Metabolic rate assays {#jfb13100-sec-0004}
---------------------

*Danio rerio* were fasted for 24 h prior to being transferred individually into 5 ml glass respirometers \[Loligo Systems; <http://www.loligosystems.com> (White & Kearney, [2014](#jfb13100-bib-0076){ref-type="ref"})\]. The RMR was then estimated as the minimum rate of oxygen consumption. Pilot trials, in which *D. rerio* were left overnight in respirometers for 18 h, determined that the metabolic rate of juvenile *D. rerio* stabilised after 2 h in the chambers. Thus, the time that *D. rerio* spent individually in the respirometers was minimised because extended isolation periods are known to negatively affect both health of social animals and hence data reliability (Seeman & McEwen, [1996](#jfb13100-bib-0064){ref-type="ref"}). During the experimental trials, *D. rerio* were given a 2 h acclimation period, after which RMR, *i.e*. the minimum cost of maintenance measured at a particular temperature and post‐absorptive state while also allowing spontaneous activity, of each individual was taken as the mean level of metabolism over the subsequent 3 h period (Steffensen, [1989](#jfb13100-bib-0069){ref-type="ref"}). Notably, the metabolic measures performed here did not allow disentangling the extra oxygen consumption beyond standard metabolic rate caused by spontaneous motion activity. Therefore, such measures are defined as RMR to account for the presence of intrinsic factors that may have altered the individual cost of self‐maintenance and activity (Schurmann & Steffensen, [1997](#jfb13100-bib-0063){ref-type="ref"}).

An array of eight cylindrical glass chambers was utilized to perform measurements on eight *D. rerio* simultaneously. The chambers were submerged in an aerated water bath maintained at a constant temperature of 25·0° C, range ±0·1° C using a thermostat. Water oxygen content within the chambers was measured once every 2 s using optodes (Firesting 4‐Channel oxygen meters, Pyroscience; <http://www.pyro-science.com>). After placing the chambers into the water bath, the system was covered with opaque polystyrene to minimize disturbance during measurements. The entire apparatus was located within a second temperature‐controlled room comparable with the one mentioned above for the housing of the holding tanks. This experimental controlled room remained closed during measurements.

The oxygen‐saturated water from the water bath was periodically flushed into each chamber of the respirometer through an external pump that was set to turn on and off for alternating 15 min periods. The decrease in oxygen content in the closed chambers was measured at intervals of 2 s for each 15 min period (*i.e*. closed phase). Subsequently, each chamber was automatically flushed with aerated water for 15 min before the start of the next measurement. For each closed phase, specific oxygen consumption of *D. rerio* was calculated by using linear least squares regression (decrease in oxygen concentration over time expressed as mass‐specific RMR in the unit mg O~2~ kg^−1^ h^−1^). The first and final 2 min were excluded from each measure such that only the linear component of O~2~ degradation was captured (Dupont‐Prinet *et al.*, [2010](#jfb13100-bib-0021){ref-type="ref"}). For each individual, six slopes of oxygen decrease were recorded, and the mass‐specific RMR was calculated as the mean of the final three measurements. During each experimental session, one of the chambers measured the oxygen decline in blank conditions without a *D. rerio* in the chamber. As a result, a simultaneous and consistent measurement of microbial respiration was obtained and subtracted from the estimation of *D. rerio* oxygen consumption provided by the system. The oxygen consumption measured in this study was similar to standard metabolic rates observed previously in 2 month old juvenile *D. rerio* of similar *L*~T~ (Lucas *et al.*, [2014](#jfb13100-bib-0045){ref-type="ref"}). Because (mass‐specific) RMR was correlated with *L* ~T~ (Table [I](#jfb13100-tbl-0001){ref-type="table"}), the residuals of RMR from a regression of log~10~‐transformed (mass‐specific) RMR *v*. log~10~‐transformed *L* ~T~ were used to derive a size‐controlled index of RMR.

###### 

Pearson correlation coefficients of fixed factors in juvenile *Danio rerio*. Values above the diagonal represent the correlation coefficients between pairs of fixed factors, while values below the diagonal represent their *P*‐values. Note that residuals from the log~10~‐transformed mass‐specific routine metabolic rate (RMR, mg O~2~ kg^−1^ h^−1^) and log~10~‐transformed Fulton\'s *K* (g mm^−3^ × 100 000) were both independent of total length (*L* ~T~; mm) and used for the statistical analysis

                  *L* ~T~       Fulton\'s *K*   RMR
  --------------- ------------- --------------- --------
  *L* ~T~                       −0·142          −0·442
  Fulton\'s *K*   \>0·05                        −0·117
  RMR             **\<**0·001    0·174          

Behavioural assay to assess activity and risk‐taking {#jfb13100-sec-0005}
----------------------------------------------------

After the completion of the metabolic measurements, *D. rerio* were housed individually in 5 l transparent tanks (25 cm × 15 cm × 15 cm) for 24 h before conducting the behavioural experiments. Because of the importance of visual cues in *D. rerio* behavioural responses (Polverino *et al.*, [2012](#jfb13100-bib-0056){ref-type="ref"}; Kopman *et al.*, [2013](#jfb13100-bib-0039){ref-type="ref"}), visual interaction between individuals during the 24 h of isolation was allowed to minimize stress on the focal individuals induced by isolation. Activity and risk‐taking of each *D. rerio* were tested individually in a standard open field test (Ariyomo & Watt, [2012](#jfb13100-bib-0002){ref-type="ref"}) during two distinct measuring events (referred to as the first and second trial) to assess the repeatability of these two behavioural traits. The open field test is widely utilized to characterize activity rates and the individual position in the shy‐bold continuum for teleosts and it is based on the assumption that a novel, open and structureless field is considered dangerous. Under this perspective, highly exploratory individuals or those that move especially in the central danger zone might be more willing to take risks (Burns, [2008](#jfb13100-bib-0011){ref-type="ref"}; Ariyomo & Watt, [2012](#jfb13100-bib-0002){ref-type="ref"}). The circular experimental arena (48·5 cm in diameter) used in the present study was covered with white contact paper on its bottom and lateral surfaces to guarantee a high colour contrast and to facilitate *D. rerio* identification. Notably, the colour of the contact paper used for the experimental arena matched the internal colouration of the housing tanks where *D. rerio* were housed since birth. In this way, stressful responses of individuals to the high contrast background of the experimental arena were prevented. Two neon tubes on the room ceiling assured standardized light conditions between housing and experimental tanks and provided diffuse illumination. The water level in the experimental arena was kept constant at 7 cm depth to minimize *D. rerio* motion across the water column and approximate movements along the horizontal plane.

At the beginning of each trial, a single *D. rerio* was acclimated for 5 min in a transparent plastic cylinder placed in the centre of the arena (acclimation period). A bird\'s eye webcam (C920 HD Pro, Logitech; <http://www.logitech.com>) recorded *D. rerio* movement for a total of 5 min after the cylinder had been carefully removed (first behavioural trial). Subsequently, each individual was transferred back into its individual tank for 30 min before repeating the measurement (second behavioural trial), as described above. After the finalization of the second behavioural trial, both *L* ~T~ (to the nearest 0·1 mm) and body mass (to the nearest 0·01 g) of each individual were measured.

Videos were analysed using the video tracking software EthoVision XT Version 9.0 (Noldus Information Technologies Inc.; <http://www.noldus.com>), with position scoring starting 10 s after the cylinder had been removed. A total of 250 s were analysed for each individual per trial, with smoothing positions based on 10 samples. The space use of each *D. rerio* was calculated by virtually dividing the circular arena into three concentric zones: inner region (approximately six body‐lengths in diameter), middle region (approximately three body‐lengths in diameter wider than the inner region) and external region (approximately three body‐lengths in diameter wider than the middle region). Preliminary analyses, however, showed comparable scores for the time spent by *D. rerio* between the inner and middle region, while individuals were observed to spend most of the time within the three body‐lengths region away from the tank wall (*i.e*. external region). Thus, inner and middle regions were combined and two main zones of the arena were considered only: open‐water area (approximately nine body lengths from the centre of the arena) and proximity to the wall \[approximately three body lengths from the wall of the arena, a measure consistent with Wright & Krause ([2006](#jfb13100-bib-0081){ref-type="ref"}) and Ladu *et al.* ([2015](#jfb13100-bib-0041){ref-type="ref"})\]. Distance moved (a proxy for activity and exploration and defined as total swimming distance per 250 s, measured in cm), time spent freezing (a proxy for inactivity and defined as time an individual was moving at speeds lower than 20 mm s^−1^ within any given 250 s, measured in s) and swimming in open water (a measure of risk‐taking and defined as time an individual was moving in the open‐water area at speeds higher than 20 mm s^−1^ within any given 250 s, measured in s) were extracted from the *xy*‐co‐ordinates obtained for each frame. Mean velocity was then calculated as distance moved per (250 s---time spent freezing). Notably, since freezing behaviour can be also associated with anxiogenic states in *D. rerio* and to antipredatory responses (Gerlai, [2010](#jfb13100-bib-0024){ref-type="ref"}), the risk‐taking propensity of juvenile *D. rerio* was estimated here with respect to their time spent actively swimming in the open‐water area of arena, while the lack of mobility (*i.e*. freezing) was not included in the analysis.

Statistical analysis {#jfb13100-sec-0006}
--------------------

Prior to all analyses, distance moved was square‐root transformed and swimming in open water was log~10~‐transformed to achieve normal error distributions. Subsequently, dependent and continuous explanatory variables were centred on their grand mean following Dingemanse & Dochtermann ([2013](#jfb13100-bib-0020){ref-type="ref"}).

As distance moved, mean velocity, freezing and swimming in open water were measured synchronously, these behavioural traits may all represent components of the same personality axis \[*i.e*. trait (Réale *et al.*, [2007](#jfb13100-bib-0060){ref-type="ref"}; Carter *et al.*, [2013](#jfb13100-bib-0015){ref-type="ref"})\]. Therefore, in a first step bi‐variate correlations between all behavioural traits were estimated through phenotypic correlations \[*i.e*. the overall correlation jointly contributed by between‐ and within‐individual correlations (Dingemanse & Dochtermann, [2013](#jfb13100-bib-0020){ref-type="ref"})\] by using bivariate linear mixed‐effects models (LMMs), as suggested by Dingemanse & Dochtermann ([2013](#jfb13100-bib-0020){ref-type="ref"}). The individual was specified as a random effect (*i.e*. random intercepts) to account for repeated measures of the same individual across trials.

To represent *D. rerio* condition, the Fulton\'s condition factor *K* (Pope & Kruse, [2007](#jfb13100-bib-0058){ref-type="ref"}) was calculated for each individual. Although the correlation between Fulton\'s *K* (g mm^−3^ × 100 000) and *L* ~T~ was not significant, the *P*‐value was low (Table [I](#jfb13100-tbl-0001){ref-type="table"}). To be conservative, a size‐controlled index of Fulton\'s *K* was derived by using the residuals of a regression of log~10~‐transformed *K* on log~10~‐transformed *L* ~T~. Thus, residuals from Fulton\'s *K* were used for subsequent analysis serving as a condition index that was independent of length; it indicated the mass or nutritional state for a given individual relative to the standard size.

The presence of significant among‐individual differences in each behavioural trait was tested separately using LMMs (Dingemanse & Dochtermann, [2013](#jfb13100-bib-0020){ref-type="ref"}) with individual random intercepts. Gape‐limited predators will be more constrained by prey length, as opposed to prey mass (Lorenzen, [2000](#jfb13100-bib-0044){ref-type="ref"}). Thus, *L* ~T~ (mm), residuals of (mass‐specific) RMR (controlled for *L* ~T~), residuals of Fulton\'s *K* (controlled for *L* ~T~) and trial were included as fixed factors, and the resulting among‐individual (intercept) and within‐individual (residual) variance estimates were used to calculate repeatability for each behavioural trait (Nakagawa & Schielzeth, [2010](#jfb13100-bib-0051){ref-type="ref"}; Dingemanse & Dochtermann, [2013](#jfb13100-bib-0020){ref-type="ref"}). Repeatability was defined as the proportion of the behavioural variation attributable to differences among individuals (Dingemanse & Dochtermann, [2013](#jfb13100-bib-0020){ref-type="ref"}). As models included fixed factors, estimates of adjusted repeatability (Nakagawa & Schielzeth, [2010](#jfb13100-bib-0051){ref-type="ref"}) are presented, *i.e*. the proportion of phenotypic variance not explained by fixed factors, which is attributable to consistent among‐individual differences in behaviour. Subsequently, the contribution of each fixed factor to the overall among‐individual variance in behaviour was investigated by including *L* ~T~, residuals of RMR and residuals of Fulton\'s *K* independently in each LMM. Note that the fixed factor trial was consistently included in the ANOVA components as it does not represent a state variable (Sih *et al.*, [2015](#jfb13100-bib-0066){ref-type="ref"}). Significance levels of fixed (*L* ~T~, residuals RMR, residuals *K* and trial) and random factors were calculated using likelihood ratio tests.

The base model described above was inspired by the idea that *L* ~T~ would exert a fundamental effect on activity and risk‐taking but that individuals that are in a poorer nutritional state or that carry higher‐than‐average mass‐specific metabolic demands would be more explorative and bolder. Models were therefore built with residuals of mass‐specific RMR controlling for *L* ~T~. Alternative models are also possible, notably substituting absolute RMR for mass‐specific RMR and body mass as an index for *L* ~T~. These alternative model variants were also tested, with residuals of log‐transformed absolute RMR (mg O~2~ h^−1^) controlling for *L* ~T~ and using *L* ~T~ as the fixed factor. Models were also built substituting body mass for *L* ~T~ (because length and mass are highly correlated) taking residuals from both the log‐transformed absolute RMR and log‐transformed Fulton\'s *K* when regressed on log body mass. Results of these alternative models, that used measure of absolute rather than mass‐specific RMR and body mass rather than *L* ~T~ as a morphological measure, entirely agreed with the model introduced in the previous paragraph. Alternative model variants are presented in Tables SI and SII, Supporting information.

The data analysis was performed in R 3.0.2 version (<http://www.r-project.org>). The bivariate LMMs were performed using MCMC sampling methods under a Bayesian framework \[R package 'MCMCglmm'; (Hadfield, [2010](#jfb13100-bib-0028){ref-type="ref"})\]. The parameters were estimated using a non‐informative prior, with 1 500 000 resamplings, 500 000 burn‐ins and 100 thinnings. Other LMMs were performed with lme4 and nlme R packages (Pinheiro *et al.*, [2007](#jfb13100-bib-0083){ref-type="ref"}; Bates *et al.*, [2014](#jfb13100-bib-0082){ref-type="ref"}), respectively. The significance level was set at *P* ≤ 0·05. The [s.e.]{.smallcaps} of the mean is provided for each variance estimate in the results.

Results {#jfb13100-sec-0007}
=======

All four behavioural traits recorded in the open field were strongly correlated (Table [II](#jfb13100-tbl-0002){ref-type="table"}). LMMs detected significant effects, however, of the fixed factor *L* ~T~ in relation to distance moved and freezing only. Accordingly, larger individuals swam on average shorter distances and spent more time freezing than smaller individuals of the same cohort (Table [III](#jfb13100-tbl-0003){ref-type="table"} and Fig. [1](#jfb13100-fig-0001){ref-type="fig"}). Such effects of *L* ~T~ on behaviour were not observed with respect to swimming in open water and mean velocity (Table [III](#jfb13100-tbl-0003){ref-type="table"} and Fig. [1](#jfb13100-fig-0001){ref-type="fig"}). Nevertheless, the ANOVA yielded the highest *F*‐value, and the corresponding lowest *P*‐value, for the fixed factor *L* ~T~ also in relation to swimming in open water, suggesting *L* ~T~ to influence risk‐taking behaviour in *D. rerio*, albeit marginally, more than the other state variables measured in this study. There were no significant effects of mass‐specific RMR (residuals), Fulton\'s *K* (residuals) and trial on any of the four behavioural traits measured in the present study (Table [III](#jfb13100-tbl-0003){ref-type="table"}).

###### 

Phenotypic‐correlation estimates between pairs of behavioural traits. The best estimate of correlation coefficients (*i.e.* values above the diagonal) and their 95% [c.i.]{.smallcaps} (*i.e.* values below the diagonal) are represented for each pair of behavioural traits. Bivariate linear mixed‐effects models were used with Markov Chain Monte Carlo techniques, while including individuals as a random effect (*i.e.* random intercepts) to account for repeated measures. Significant results correspond to correlation coefficients whose 95% [c.i.]{.smallcaps} do not overlap with zero

                           Distance moved   Mean velocity   Freezing   Swimming in open water
  ------------------------ ---------------- --------------- ---------- ------------------------
  Distance moved                             0·416          −0·944      0·533
  Mean velocity            0·269                            −0·245     −0·025
                           0·551                                       
  Freezing                 −0·963           −0·402                     −0·568
                           −0·923           −0·081                     
  Swimming in open water   0·393            −0·055          −0·681     
                           0·655             0·272          −0·437     

###### 

Results from the LMMs with distance moved, mean velocity, freezing and swimming in open water as dependent variables. Trial, total length (*L* ~T~; mm) and *L* ~T~‐corrected residuals from the log~10~‐transformed mass‐specific routine metabolic rate (RMR, mg O~2~ kg^−1^ h^−1^) and log~10~‐transformed Fulton\'s *K* (g mm^−3^ × 100 000) are included as fixed factors. Random intercepts are also included for each individual, which allowed variance decomposition. Intercepts (*V* ~among~), residuals (*V* ~within~) and adjusted repeatabilities are also shown with respect to each behavioural trait. Note that the fixed factor trial was consistently included for the ANOVA components: LMMs with one fixed factor per time (first three rows of the variance components) and LMM that includes all fixed factors (last row of the variance components)

  Distance moved                                                                                                 
  ---------------------------- ---------- ----------------------------------- ---------------------------------- ---------------
  Fixed factors                Estimate   *F*                                 d.f.~2~, d.f.~1~                   *P*
  *L* ~T~                       −2·93     4·41                                4, 5                               \<0·05
  RMR                             2·47    0·17                                4, 5                               \>0·05
  *K*                          −17·43     0·22                                4, 5                               \>0·05
  Trial                         −0·78     0·03                                4, 5                               \>0·05
  Random factor                           *F*                                 d.f.~2~, d.f.~1~                   *P*
  Individual                              ---                                 6, 7                               \<0·001
  Variance components                     *V* ~within~ ± [s.e.]{.smallcaps}   *V* ~among~ ± [s.e.]{.smallcaps}   Repeatability
  *L* ~T~                                 710·9 ± 2·3                         720·6 ± 2·3                        0·50
  RMR                                     710·9 ± 2·3                         787·0 ± 2·4                        0·53
  *K*                                     710·9 ± 2·3                         785·2 ± 2·4                        0·53
  *L* ~T~, RMR, *K*                       710·9 ± 2·3                         714·3 ± 2·3                        **0·50**
  **Mean velocity**                                                                                              
  Fixed factors                Estimate   *F*                                 d.f.~2~, d.f.~1~                   *P*
  *L* ~T~                       −0·78     0·76                                4, 5                               \>0·05
  RMR                            6·01     0·92                                4, 5                               \>0·05
  *K*                           20·88     0·87                                4, 5                               \>0·05
  Trial                         −5·17     1·58                                4, 5                               \>0·05
  Random factor                           *F*                                 d.f.~2~, d.f.~1~                   *P*
  Individual                              ---                                 6, 7                               0·05
  Variance components                     *V* ~within~ ± [s.e.]{.smallcaps}   *V* ~among~ ± [s.e.]{.smallcaps}   Repeatability
  *L* ~T~                                 575·6 ± 2·1                         160·7 ± 1·1                        0·22
  RMR                                     575·6 ± 2·1                         159·8 ± 1·1                        0·22
  *K*                                     575·6 ± 2·1                         162·4 ± 1·1                        0·22
  *L* ~T~, RMR, *K*                       575·6 ± 2·1                         149·4 ± 1·1                        **0·21**
  **Freezing**                                                                                                   
  Fixed factors                Estimate   *F*                                 d.f.~2~, d.f.~1~                   *P*
  *L* ~T~                       7·85      6·45                                4, 5                               \<0·05
  RMR                          −5·59      0·24                                4, 5                               \>0·05
  *K*                          64·34      0·62                                4, 5                               \>0·05
  Trial                        −2·67      0·08                                4, 5                               \>0·05
  Random factor                           *F*                                 d.f.~2~, d.f.~1~                   *P*
  Individual                              ---                                 6, 7                               \<0·001
  Variance components                     *V* ~within~ ± [s.e.]{.smallcaps}   *V* ~among~ ± [s.e.]{.smallcaps}   Repeatability
  *L* ~T~                                 3112 ± 5                            3770 ± 5                           0·55
  RMR                                     3112 ± 5                            4248 ± 6                           0·58
  *K*                                     3112 ± 5                            4209 ± 6                           0·57
  *L* ~T~, RMR, *K*                       3112 ± 5                            3701 ± 5                           **0·54**
  **Swimming in open water**                                                                                     
  Fixed factors                Estimate   *F*                                 d.f.~2~, d.f.~1~                   *P*
  *L* ~T~                      −0·07       2·59                               4, 5                               \>0·05
  RMR                          −0·09      \<0·01                              4, 5                               \>0·05
  *K*                          −1·57       1·91                               4, 5                               \>0·05
  Trial                        \<0·01     \<0·01                              4, 5                               \>0·05
  Random factor                           *F*                                 d.f.~2~, d.f.~1~                   *P*
  Individual                              ---                                 6, 7                               \<0·05
  Variance components                     *V* ~within~ ± [s.e.]{.smallcaps}   *V* ~among~ ± [s.e.]{.smallcaps}   Repeatability
  *L* ~T~                                 1·32 ± 0·10                         0·44 ± 0·06                        0·25
  RMR                                     1·32 ± 0·10                         0·48 ± 0·06                        0·27
  *K*                                     1·32 ± 0·10                         0·45 ± 0·06                        0·25
  *L* ~T~, RMR, *K*                       1·32 ± 0·10                         0·41 ± 0·05                        **0·24**

![(a), (b), (d), (e), (g), (h), (j), (k) Behavioural repeatability and (c), (f), (i), (l) correlation of *Danio rerio* behaviour with total length (*L* ~T~) are expressed with respect to (a)--(c) distance moved, (d)--(f) mean velocity, (g)--(i) freezing and (j)--(l) swimming in open water. Correlation coefficients (*r*) are given for each behavioural trait. Note co‐ordinates of each data point in (c), (f), (i), (l) represent the mean value calculated from the two behavioural measurements performed on each individual.](JFB-89-2251-g001){#jfb13100-fig-0001}

After accounting for *L* ~T~ and other fixed factors, significant among‐individual variation in each behavioural trait remained, yielding repeatability estimates which comprised between 0·21 and 0·54 (Table [III](#jfb13100-tbl-0003){ref-type="table"} and Fig. [1](#jfb13100-fig-0001){ref-type="fig"}). In other words, even after controlling for *L* ~T~ effects, consistent variation in *D. rerio* behaviour in the open field was present among similar sized individuals. Further analyses using LMMs including all fixed factors revealed that among‐individual differences for each behavioural trait were significantly affected by the random effect (individual ID; Table [III](#jfb13100-tbl-0003){ref-type="table"}), confirming the presence of personality (or behavioural types) in juvenile *D. rerio*.

Discussion {#jfb13100-sec-0008}
==========

In the present study, smaller juvenile *D. rerio* exhibited consistently higher activity (*i.e*. higher distance moved and lower freezing) in a novel and potentially dangerous open field compared to larger conspecifics of the same cohort, while swimming in open water (*i.e*. a direct measure of risk‐taking) was only marginally affected by individual size. On the contrary, no effects of either RMR or nutritional state were found on the propensity to explore and take risks in an open field. The present study thus supports the hypothesis that body length (*i.e. L* ~T~) *per se* has a stronger effect than metabolism on activity and risk‐taking behaviours and in fact suggests that no relationship among RMR and these behaviours may exist in juvenile *D. rerio*, at least under the conditions examined here.

The study\'s key finding of a lack of relationship of size‐independent RMR and tendency to explore and take risks in *D. rerio* is contingent on the presence of personality in this species. The experimental design, however, has the limitation of a short time interval (30 min) between the two behavioural trials. It is unknown whether the fairly robust consistency in activity and risk‐taking reported here would persist over longer time periods (*e.g*. weeks or months). There is a large body of literature on *D. rerio* personality, however, all finding evidence of consistent individual variation in a range of personality traits, such as activity, risk‐taking, aggression and sociability (Moretz *et al.*, [2007](#jfb13100-bib-0049){ref-type="ref"}; Dahlbom *et al.*, [2011](#jfb13100-bib-0018){ref-type="ref"}; Ariyomo & Watt, [2012](#jfb13100-bib-0002){ref-type="ref"}; Tran & Gerlai, [2013](#jfb13100-bib-0070){ref-type="ref"}). It is thus believed that personality is present in *D. rerio*, which adds weight to the conclusion that routine metabolism may play only a limited role, or no role at all, in determining consistent variation in activity and risk‐taking in this species when body length (*i.e. L* ~T~) is accounted for.

In the present study, the *L* ~T~ of juvenile *D. rerio* was found to be a strong predictor of activity, which is strongly associated with boldness in *D. rerio* (Moretz *et al.*, [2007](#jfb13100-bib-0049){ref-type="ref"}), but only marginally linked to a more direct measure of risk‐taking behaviour in individuals from the same cohort. In particular, smaller individuals were found to be more active and risk prone in a novel, shelterless and potentially dangerous environment, which is in agreement with earlier studies on other fish species (Krause *et al.*, [1998](#jfb13100-bib-0040){ref-type="ref"}; Brown & Braithwaite, [2004](#jfb13100-bib-0009){ref-type="ref"}; Biro *et al.*, [2005](#jfb13100-bib-0007){ref-type="ref"}). Size‐dependent phenomena are well known in ecology and size scaling relationships have been well described in fishes (Schmidt‐Nielsen, [1984](#jfb13100-bib-0062){ref-type="ref"}; Clarke & Johnston, [1999](#jfb13100-bib-0017){ref-type="ref"}; Killen *et al.*, [2010](#jfb13100-bib-0032){ref-type="ref"}; White & Kearney, [2014](#jfb13100-bib-0076){ref-type="ref"}). Indeed, small fishes of a given cohort typically possess lower energy reserves and higher mass‐specific metabolic demands, which is believed to generally favour elevated propensities to explore new environments and take risks because smaller individuals should have more immediate needs for finding food (Wootton, [1994](#jfb13100-bib-0080){ref-type="ref"}; Krause *et al.*, [1998](#jfb13100-bib-0040){ref-type="ref"}). Following this argument, Krause *et al.* ([1998](#jfb13100-bib-0040){ref-type="ref"}) observed that small three‐spined sticklebacks *Gasterosteus aculeatus* L. 1758 were consistently faster in emerging from a refuge and spent more time exploring a novel environment compared to larger conspecifics. These smaller *G. aculeatus* also showed larger mass loss when deprived of food, motivating the explanation that the increased activity and risk‐taking of small fishes may be associated with metabolic demands (Krause *et al.*, [1998](#jfb13100-bib-0040){ref-type="ref"}). Here, a metabolism effect in *D. rerio* that differed in size was controlled for, in turn rendering the metabolic explanation for the size‐effect on activity and boldness unlikely. Instead, the present work may suggest that smaller *D. rerio* of a given cohort were outcompeted for food in their holding tanks, in turn motivating elevated exploratory and risk‐taking tendencies in these starved individuals when observed in isolation. Effects of nutritional states on activity and marginally on risk‐taking, however, were only present in relation to using *L* ~T~ as fixed factor, with no further role related to body condition. *L* ~T~ variation in juvenile *D. rerio* might more readily indicate variation of nutritional states than variation in Fulton\' *K*. Indeed, findings from the present study do not support an effect of Fulton\'s *K* in shaping different risk strategies in *D. rerio* and other works have also raised cautionary notes about the index values of Fulton\'s *K* to properly capture nutritional variation in fishes (Morton & Routledge, [2006](#jfb13100-bib-0050){ref-type="ref"}; Klefoth *et al.*, [2013](#jfb13100-bib-0037){ref-type="ref"}). This explanation might help understanding the lack of predictive power of body condition in the present work.

A second evolutionary mechanism may have contributed to the present study\'s findings in relation to the correlation between *L* ~T~ and activity and boldness. In contrast to most species (Lorenzen, [2000](#jfb13100-bib-0044){ref-type="ref"}), larger size classes may be under greater risk of predation in small‐bodied fish species because they offer greater energy packs for predators compared to smaller conspecifics (Persson *et al.*, [2003](#jfb13100-bib-0055){ref-type="ref"}; Johansson *et al.*, [2004](#jfb13100-bib-0030){ref-type="ref"}). Hence, larger fish of small‐bodied species, in which large size does not necessarily confer a mortality advantage, may reduce their propensity to take risks as an evolutionary adaptation to predation risk in their natural environment. Such adaptation would in turn show up as greater activity and boldness of smaller fishes in laboratory tests. Fishes have indeed developed a wide array of strategies in the juvenile stage aimed at trading‐off key fitness components, particularly growth and mortality (Werner & Hall, [1988](#jfb13100-bib-0074){ref-type="ref"}; Werner & Anholt, [1993](#jfb13100-bib-0073){ref-type="ref"}; Clark, [1994](#jfb13100-bib-0016){ref-type="ref"}; Sogard, [1997](#jfb13100-bib-0067){ref-type="ref"}; Metcalfe & Monaghan, [2001](#jfb13100-bib-0047){ref-type="ref"}; Biro *et al.*, [2005](#jfb13100-bib-0007){ref-type="ref"}; Dial *et al.*, [2008](#jfb13100-bib-0019){ref-type="ref"}). One of these strategies is feeding in the presence of risk rather than waiting for safer feeding opportunities, which can lead to starvation and possibly mortality in the long term (Werner & Hall, [1988](#jfb13100-bib-0074){ref-type="ref"}; Werner & Anholt, [1993](#jfb13100-bib-0073){ref-type="ref"}; Clark, [1994](#jfb13100-bib-0016){ref-type="ref"}; Biro *et al.*, [2005](#jfb13100-bib-0007){ref-type="ref"}). In this context, the risk‐taking behaviour of juvenile rainbow trout *Oncorhynchus mykiss* (Walbaum 1792) was found to decrease with time in favour of exploration as a function of size, *i.e*. only small individuals were highly motivated to explore the environment and feed under risk of predation to increase growth and minimize the time spent in vulnerable sizes (Biro *et al.*, [2005](#jfb13100-bib-0007){ref-type="ref"}). Moreover, small guppies *Poecilia reticulata* Peters 1859 have been found to be more exploratory and successful in discovering novel food sources in a novel and potentially dangerous environment compared to larger conspecifics (Laland & Reader, [1999](#jfb13100-bib-0042){ref-type="ref"}). Similar results were found in other small‐bodied poeciliids (Brown & Braithwaite, [2004](#jfb13100-bib-0009){ref-type="ref"}), where smaller individuals emerged consistently sooner from a sheltered area compared to larger ones, probably in an attempt to balance predation risk with foraging rate and energy gain. An evolutionary adaptation to reduce predation risk of large‐bodied animals, however, cannot be ruled out. Similarly, it is possible that the individuals used in the present study were evolutionarily adapted to the predators in their home habitat, *e.g*. the Indian leaf fish *Nandus nandus* (Hamilton 1822) (Bass & Gerlai, [2008](#jfb13100-bib-0004){ref-type="ref"}). Therefore, the presented finding that smaller juvenile *D. rerio* were more active and, thus, more risk‐prone than larger ones aligns with two non‐mutually exclusive explanations: either these behaviours are shown to permit the smallest size classes of a given cohort to safeguard access to food in order to grow and reach sizes that substantially reduce the probability of predatory attacks, or the pattern can be explained by evolutionary adaptation to combat greater predation risk in large size classes by becoming inactive and shyer as the individual\'s length increases. Only ontogenetic studies where individuals are repeatedly assayed in high and low food situations can disentangle these competing hypotheses.

The present results did not support the expected covariance between RMR and personality in *D. rerio*, which agrees with previous works reporting inconsistent associations between metabolic rates and behavioural types in a range of animals (Seppänen *et al.*, [2009](#jfb13100-bib-0065){ref-type="ref"}; Vaz‐Serrano *et al.*, [2011](#jfb13100-bib-0072){ref-type="ref"}; Bouwhuis *et al.*, [2014](#jfb13100-bib-0008){ref-type="ref"}; Guenther *et al.*, [2014](#jfb13100-bib-0027){ref-type="ref"}; Killen *et al.*, [2014](#jfb13100-bib-0036){ref-type="ref"}). In European sea bass *Dicentrarchus labrax* (L. 1758) the correlation between metabolic rate and spontaneous swimming activity, as an index of risk‐taking behaviour, was found to vary across environmental contexts (Killen *et al.*, [2012](#jfb13100-bib-0034){ref-type="ref"}). After a predator attack, individuals with higher RMR tended to emerge sooner from a sheltered area and were more active than their conspecifics with lower metabolic demands only under hypoxia, while no relationship between activity or risk‐taking and metabolic rate was observed when oxygen availability was high (Killen *et al.*, [2012](#jfb13100-bib-0034){ref-type="ref"}). Killen *et al.* ([2013](#jfb13100-bib-0035){ref-type="ref"}) have recently suggested that the presence or intensity of environmental stressors can modulate covariation between metabolic traits and animal personality. In particular, moderate levels of food deprivation or risk of predation may persuade individuals with high energetic demands to become more active or prone to take risks as they attempt to find food, thus pronouncing the latent links between metabolic traits, activity and risk‐taking (Killen *et al.*, [2013](#jfb13100-bib-0035){ref-type="ref"}). A corollary of the argument is that relationships between metabolism and behavioural phenotypes might not be manifested under relatively benign conditions (Killen *et al.*, [2013](#jfb13100-bib-0035){ref-type="ref"}). Although the open field test is assumed to be perceived as a threat by experimental animals, this stress alone may not have been sufficient to reveal ecologically relevant variation in behaviours among *D. rerio* stemming from variation in RMR. In fact, as is common in laboratory studies, water quality variables adopted here were optimal for *D. rerio* (Avdesh *et al.*, [2011](#jfb13100-bib-0003){ref-type="ref"}). Focal individuals were also free from starvation and actual risk of predation since no real predators were involved in the experimental design, while age at the time of testing was selected to prevent the manifestation of aggressive and territorial tendencies among *D. rerio* that are typical at reproductive maturity (Spence *et al.*, [2008](#jfb13100-bib-0068){ref-type="ref"}). Therefore, in the absence of strong environmental stressors that may challenge individuals and require them to adjust behaviour to fit their intrinsic variation in RMR, fluctuations in behavioural and metabolic traits of juvenile *D. rerio* may have acted independently and hence the two phenotypes were uncorrelated. Nevertheless, the data suggest that even if there is a relationship of metabolism and behaviour in different environmental contexts, the relationship is subtle and may be overridden by state effects related to body size. Note that the present work used *D. rerio* of the same cohort and hence variation in *L* ~T~ was controlled to a small length range, such that effects of *L* ~T~ on activity and risk‐taking may be more pronounced if a greater length range is examined.

In conclusion, activity and in part risk‐taking in juvenile *D. rerio* were found to vary as a function of individual *L* ~T~, while there was little evidence for correlations between these behaviours and length‐independent RMR or body condition. Future studies shall explore behavioural and metabolic responses along ontogenetic transitions of *D. rerio* (or other species) and in different environments to uncover the relative role of state and physiological underpinning in shaping behavioural variation and personality.
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**[table]{.smallcaps} SI.** Results from the LMMs with distance moved, mean velocity, freezing and swimming in open water as dependent variables. Trial, *L* ~T~ (mm) and *L* ~T~‐corrected residuals from the log‐transformed absolute RMR (mg O~2~ h^−1^) and log‐transformed Fulton\'s *K* (g mm^−3^ × 100 000) are included as fixed factors. Random intercepts are also included for each individual, which allowed variance decomposition. Intercepts (*V* ~among~), residuals (*V* ~within~) and adjusted repeatabilities are also shown with respect to each behavioural trait. Note that the fixed factor trial was consistently included for the analysis of the variance components: LMMs with one fixed factor per time (first three rows of the variance components) and LMM that includes all fixed factors (last row of the variance components)

**[table]{.smallcaps} SII.** Results from the LMMs with distance moved, mean velocity, freezing and swimming in open water as dependent variables. Trial, body mass (g) and mass‐corrected residuals from the log‐transformed absolute RMR (mg O~2~ h^−1^) and log‐transformed Fulton\'s *K* (g mm^−3^ × 100 000) are included as fixed factors. Random intercepts are also included for each individual, which allowed variance decomposition. Intercepts (*V* ~among~), residuals (*V* ~within~) and adjusted repeatabilities are also shown with respect to each behavioural trait. Note that the fixed factor trial was consistently included for the analysis of the variance components: LMMs with one fixed factor per time (first three rows of the variance components) and LMM that includes all fixed factors (last row of the variance components)

###### 

Click here for additional data file.
